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I : Introduction
The unreliable and error-prone nature of the wireless channel is ooe ofthe major challenges for wireless video streaming. Applications, such as video streaming to handheld devices with the emerging Third Generation (3G) cellular system, have to cope with this lack of QoS guarantees, including packet loss. Furthermore, wireless channels are aFAicted by time-varying fading and interference conditions, which may lead to hursty packer losses [I] .
In 121, we find that the pattem of packet loss, including the length of burst loss, h a s a significant effect on video quality. Specifically, the total distortion produced by a packet loss pattem is not proportional to the average packet loss rate, as is often assumed. For example, the total distortion produced hy a burst loss is much higher thao that by an equal number of isolated losses. The quality degradation increases as the hurst length increases. Burst losses are more difficult to conceal due to the amount of information lost.
The problem of error-resilient vidw communication has received significant attention in recent years, and a variety of techniques have been proposed to combat channel losses and increase the robusmess of communication [3] . Examples of recent work in this area include, inter/inua-mode switching [41, [51, [61, [71, the use of Forward Error Correction (FEC) [SI, dynamic control of prediction dependency using long-term memory [91, [IO] , [ I l [IS] . These techniques manage and optimize the dependency across predictively coded packets, or alleviate the negative effect of temporal correlation of the channel. All of these schemes improve error-resilience at the expense of increased bitrate.
In this work, we explore a simple packet scheduling scheme, packet interleaving, to convert burst losses into an equivalent number of isolated losses which in general are easier io recover from and produce lower total distonion. Compared to other types of error-resilience techniques, packet interleaving provides the advantages of (1) being simple, and (2) it does not require any increase in bitrate. A particularly appealing scenario is wifeless multicast or broadcast, where the channel is dflicted by fading and interference which may lead to burst losses. and these one-to-many applications prohibit the use of retransmission of lost packets. Furthermore, packet interleaving may he used in conjunction with other error-resilient techniques. A potential drawback of packet interleaving is that it requires additional delay. However, the required delay, which depends on the channel burst length characteristics, generally can be relatively short.
It is beneficial to compare this work versus prior work. Interleavers have been used for decades to improve FEC performance in chatiirel coding by converting burst losses into isolated (random) losses spread over many FEC codewords (instead of the burst loss afflicting a single codeword) which are then easier to correct using a random-error correcting code. However, in this work we idenrify that from a error-resilienrsource codingperspecrive we can reduce the total distortion for video streaming by convening burst losses into isolated losses. Specifically, in our case the total number of losses that afilict the video deccder is the same with or without interleaving, however we are changing the patrem of rhe losses that afflicts the video decoder. This paper continues in Section 2 by reviewing the model proposed in [Z] for accurately estimating the expected total distortion produced by each packer loss pattem. Section 3 presents the proposed packet interleaving scheme, and describes haw to determine the optimal interleaver given a delay constraint and knowledge of the channel burst length behavior. Experimental results demonstrating the potential gains are presented in Section 4. In 121, a model was proposed which accurately estimates the expected mean-squared error distortion for different packet loss pauems. To estimate the distortion, the model explicitly considers the effect of different loss pattems, including bunt losses and separated (non-consecutive) losses spaced apart by a lag, and accounts for inter-frame error propagation and the correlation between error frames.
2: Modeling the Effect of Packet Losses
In the model, and also in this paper, we assume that (each predictively coded frame (P-frame) is coded into a single packet, so that the loss of a packet corresponds to the loss of an entire frame. The results can also be extended to the case when each frame is coded into multiple packets where the loss of one packet does not result in the loss of an entire frame. A simple loss concealment scheme is assumed where the lost frame is replaced by ihe previous frame at the decoder output.
This model differs from prior models in that prior mtldels generally assumed that the total distortion is proportional to the number of IOSI packets, and therefore prior models did not consider the effect of the specific packet loss pattern. However, it was shown that the total distortjon produced by a packet loss pattern is not proponional to the number of lost packets. For example, the total distortion produced by a burst loss is generally much higher than that produced by an equal number of isolated losses. €?or a burst loss of length 2, it was shown in 121 that the resulting total distortion is not equal to the sum of two independent losses occumng at the same locations, but it also includes a cross-correlation term between the two error frames. Due to the correlation term, which is positive in most cases, the distortion resulting from the burst loss is generally greater than the sum of the distortions of two single and independent losses. The distortion as a function of bimt length is illustrated in Figure 1 , which plots (I) the actual meosured distortion, (2) an estimate of the distortion assuming th:it the total distortion is proportional to the number of lost packets (this linear relationship corresponds to a straight line in the loglog plot), and (3) the estimate of the distortion using the model proposed in 121. There are two key observations from this figure. First, the act u 2 distortion produced by a burst loss is generally greater than an equal number of isolated losses, and hence it is not proportional to the packet loss rate. This difference is approximately 1.5 dB for a burst Loss of length two, and increases with burst length. Second, the model of 121 is able to accurately estimate the total distortion for different loss events, e.g. within i . 2 5 dB for a burst loss of length two.
A loss model for two losses separated by a small lag is also derived in 121. In that case the total distortion is determined by two independent components, plus a correlation term between the propagated first error and the second error. The total distortion is a function of the lag between the two losses. With the models above, the distortion for more general loss pattems can he obtained by using those models concatenated and combined. , as a function of burst loss length, normalized by total distortion for a single loss. The total distortion is the sum of MSEs of all frames affected hy channel errors in the recovery period, not including quantization error.
3: Delay-Distortion Optimized Packet Interleaving
The previous section described that a burst loss generally produces greater total distortion than an equivalent number of isolated losses. This suggests that when cogununicating over a channel that exhibits burst losses, it would be beneficial to use interleaving to conven the bwst losses into an equal number of isolated losses. In this section we use the loss model from 121 to design the optimal packet interleaving scheme that maximizes the performance (minimizes total distortion) given knowledge of the burst loss characteristics of the channel. Since there exist many approaches for interleaving, we begin by introducing the specific packet interleaving strategy used in this paper.
3.1: Packet Interleaver
A simple block interleaver is used at the sender to interleave the packets before transmission. Packets are first read into the interleaver in rows, with each row corresponding to a block of n packets. Packets are transmitted as soon as d rows ofpackets frll up, and are transmitted by columns. Here n is referred to as the block size and d is the interleaving deprh of the interleaver. Fig. 2 shows an (n, d ) interleaver. For example, consider the case when the uansmission channel is afflicted by a burst loss of length three. If no packet re-scheduling (interleaving) is performed then packets 1,2 and 3 would be lost. Using the interleaver shown in Fig. 2, packets 1, 5 and 8 would be lost if aiilicted by the same loss event. Since the same burst loss now affects separated packets instead of successive packets, according to the loss model discussed in Section 2 we expect the resulting distortion to he lower. To illustrate this effect, Fig. 3 plots the PSNRs of the Claire sequence transmitted over a bursty channel, with and without using a (9,3) interleaver, when the same packet loss realization affects both transmissions. The locations of the lost frames that result for using and not using interleaving, for the same packet loss pattem, is also illustrated in the figure. It is observed that the simple interleaver leads to lower total distortion hy converting the burst losses into isolated losses, and the quality of the reconstructed video is more uniform and also recovers faster from packet losses. Note that the total number of losses is the same in both cases, the difference is the pattern of the losses.
A simple packet interleaver permutes the locations of losses in B, the burst loss is converted into isolated losses. In this case, the sepmtion between any two losses is either n o r n -1.
A larger interleaver is more effective in that it can convert a longer burst loss into isolated losses or increase the separation of the convened isolated losses. However, this is at the cost of higher latency. At the client, an interleaved packet received cannot he used until all the packets it depends on are received. For a (n, d) interleaver, the n-th packet in the original order suffers from the highest delay, which has to be transmitted in the ((n -1) . d + 1)-th place. Hence, the decoding delay corresponding to a in, d ) interleaver is (n -1 j x (d -1). and a trade-off exists between the effectiveness in permuting the packets and the latency. It should be noted that generally a large delay is not required since, as shown in Section 4, as n x d increases beyond a certain point, further increase in n or d does not necessarily improve the performance, i.e. a larger interleaver is not always better. Also note that the tolal delay here is not the typical n x d which arises in channel coding situations, since we do not have the delay of applying FEZ across the entire interleaved data. In the next subsection, we determine the optimal interleaver (n, d) under certain delay constraints.
2 Optimal Interleaving
We use the set KO,,, The total distortion D of the decoded video sequence, which depends on the loss pattern, is a function of the lost packets X, and hence a function of the interleaver used, (n, d) . If the channel loss statistics are known (for instance, the distribution of B is known) we are able to design the optimal interleaver dopi) that achieves the lowest distortion given a &lay constraint. The problem is formally stated as follows: given the channel loss characteristics. and the delay constraint Cde1.y. determine the optimal interleaver (no,*, dOpt), such that the total distortion of the decoded video sequence D [ I ( n , d , KO,,,)] is minimized, i.e.,
This is a delay-distortion optimization problem. To solve for the optimal n and d, we need to estimate the distortion that results for different loss patterns X. This is achieved using our proposed loss model discussed in Section 2.
When the characteristics of a channel are known, e.g., the probability distribution for burst loss length 6, the distortion used above for optimal interleaver selection is the expected distonion. The optimal interleaver is selected to minimize the expected distortion.
3.3: Algorithm
Given an estimate of the channel loss characteristics, we can estimate the probability of different loss patterns and hence the associated loss events KOr;,. For In Fig. 4 , we present an example of determining the optimal interleaver (n. d ) for a delay constraint of 13 frames, and given a simple channel loss model where each loss event corresponds to a burst loss of length 3 packets (frames). The detailed experimental conditions are described in Section 4. There are 34 eligible interleaven for this delay, including (14, 2). which has a delay of 13, and(2,13),(3,7),(4,5),(5,4),(7,3),(13,2),whichallhavedelays of 12, and many other factorizations (not shown in example) which have lower delays. For each of these eligible interleaves (n, d), the total distortion is calculated using the loss model, and averaged result over multiple loss realizations. Claire   Fig. 4 . Determining the optimal interleaver given a delay constraintof 13 frames. Candidate interleavers include (2, 13). (3, 7) . (4, 5). (5,4), ( i , 3). (13, 2). and (14, 2) . with only the block size n labeled on the horizontal axis. The distortion reduction is calculated based on the conventional case when no interleaving is used.
The reduction in total distortion by using different interleavers (only the best 7 out of 34 are shown) is plotted in Fig. 4 for the Foreman and Claire sequences. Results shown are given both hy actual measurements and model estimation. Note that the model predicts that the (7, 3) interleaver provides the maximum improvement (minimum distortion), which agrees with the measured results. Intuitively, since the burst loss length is 3, it is sufficient to have the interleaving depth d = 3 to convert the burst loss into separated losses, and a large block size n provides the adnntage of further separating the losses. However as n further increases, d has to drop to satisfy the delay constraint. When d drops to below 3, the performance degrades since a burst loss can no longer be converted into isolated losses. It is also important to note that an interleaver with higher delay does not inecessarily give better performance. In this example, the (14, 2) interleaver, with a delay of 13, does not outperform some of the other interleavers with a delay of 12, due to the limited factorii:ations and hence limited choices of (n. d). Also note that the Same interIcaver was identified as optimal hy both the model and the measurements for both the Fweman and Claire sequences. This demonstrates the high accuracy of the model-based distortion estimation and its effectiveness in selecting the optimal interleaver to minimize the total distortion. This example also suggests thal while the optimal interleaver depends on the channel burst loss characteristics, it may not strongly depend on the specific video sequence to he transmitted.
4: Experimental Results
This section presents experimental results to illustrate the potential performance gain that may he achieved by using the proposed simple interleaving scheme for a channel that exhibits a significant amount of burst loss. In addition, we investigate the trade-off between performance gain from larger interleavers and the corresponding delay. We use a simple bursty channel model to illustrate the effects. We simulate that time is divided into 100 ms intervals, with each interval corresponding to 3 packets (frames) for a frame rate of 30 fps. Each interval may be in either a good !state or a bad state. In a good state, 3 consecutive packets are received; while in a had state, 3 are lost. Each time interval is assumed tci be independent and identically disuibuted (Bernoulli), with the probability that a time interval is in the had state is 0.10. The average packet loss rate is therefore also 0.10, i.e. 10 % of the packets are lost. Our primary reason for choosing this simple channel model is that it simplifies interpretation of the results.
Video sequences are coded using IM 2.0 of the emerging JVTM.26L video compression standard. Four standard test sequences in QCIF format are used, Forrnmn, Mother-Daughter, Salesrimri and Claire. Each has 280 frames at 30 fps, and each is coded with a constant quantization level of 16 which produces an average PSNR of about 36 dB. The first frame of each sequence is intra-coded, and all subsequent frames are coded as P-frames. Every 4 frames a slice is intra updated to improve error-resilience.
corresponding to an intra-frame update period of N = 4 x 9 = 36 frames. The distortions are obtained by averaging the results for 6 random channel loss realizations shifted across the whole sequence, or, a total of 280 x 6 loss realizations.
For different delay constraints, all of the eligible interleavers are identified and their performances are then estimated. The PSNRs for Foreman and Claire with different interleaves as a function of delay constraint are shown in Fig. 5 . Note that the PSNRs shown in Fig. 5 are the averaged results for all frames, including both good and error-afflicted frames, in a sequence; while the quantities shown in Fig. I and 4 are the normalized total distortion of the error-afflicted frames only. For a particular delay constraint C~. I~~, an optimal interleaver (nOpt, do,*) is found using the algorithm in Subsection 3.3. Although many eligible interleavers are tested and marked in the plots, only those that provide optimal performance are marked with stars. For example, for CdCtay = 12 frames, (nopt. do,*) = (7, 3) is found. For 12 < Cdelsy < 49, although larger interleavers are eligible under the delay constraint, none of them is optimal, as shown by the circled data points in Fig. 5 , since the optimal interleaver is still (7, 3). which has a delay of 12. For this reason, the PSNR curve in the plots is stair-cased. which is the outer hound of all data points tested. This figure also illustrates that larger interleavers are not necessarily more effective. For a given burst loss behavior, increasing the interleaver size beyond a certain point does not improve the effectiveness. In particular, for short burst lengths, a small interleaver with low latency is sufficient to provide most of the gain.
It is obselved from Fig. 5 that using interleaver (5, 3 ) with a delay of 8 frames (267 ms) provides a gain of 0.67 dB over the case of no interleaving for Foreman. Using interleaver (7, 3) with a delay of 12 frames (400 ms), increases the gain to 0.72 dB.
For Claire sequence, gains of 0.81 dB and 0.93 dB are achieved for delays of 333 and 533 ms, respectively. It is also observed that as the delay constraint exceeds 16 frames, the performance of eligible interleavers does not further increase. This is because as the interleaver becomes larger, each burst loss is separated fanher apart, and the isolated losses of one burst loss come closer to the isolated losses corresponding to the next burst loss in the sequence. Also note that as the distances between isolated losses increases (.and approach the intra-period) the losses begin to act as independent losses and any funher increase in the spacing between losses does not lead to further reduction in total distortion. The gains in PSNR for all four video test sequences examined in the experiments are listed in Table 1 , for different delay constraints and corresponding optimal interleavers. Note that these gains are obtained without requiring any increase in bitrate. The optimal interleavers with delay of 8 and 12 frames are ( 5 , 3) and (7,3), respectively, for all sequences, which indicates the optimal interleaver's weak dependence on the sequence.
s: Conclusions
Burst losses in packetized compressed video produce greater total distortion than an equivalent number of isolated losses. This paper proposed a simple packet interleaving (or packet scheduling) scheme to combat bursty channel losses by converting the burst losses into isolated losses. Given knowledge of the channel burst loss characteristics. the optimal interleaver is determined for a given delay constraint, in order to minimize the total distortion as seen by the receiver. Specifically, the optimal interleaver is determined by using an accurate model for predicting the disronion that results for different packet loss patterns. The proposed approach of packet interleaving is simple, provides an improvement without requiring any additional bit rate, and can he used in conjunction with other forms of error-resilient coding and communication.
